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ABSTRACT 


A method for predicting the probable course of fire development in 
an enclosure is presented. This fire modeling approach uses a graphic 
,.lot of five fire development constraints, the Relative Energy Release 
Criteria (RERC), to bound the heat release rates in an enclosure as a 
function of time. The five RKRC are (D flame spread rate, (2) fuel sur- 
face area, (3) ventilation, (4) enclosure volume, and (5) total fuel 
load. They may be calculated versus time based on the specified or 
empirical conditions describing the specific enclosure, the fuel type 
and load, and the ventilation. The calculation of these five criteria, 
using the common basis of energy release rates versus time, provides a 
unifying framework for the utilization of available experimental data 
from all phases of fire development. The plot of these criteria reveals 
the probable fire development envelope and indicates which fire con- 
straint will be controlling during a critical time period. Examples of 
RERC application to fire characterization and control and to hazard 
analysis are presented along with recommendations for the further 
development of the concept. 
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SECTION I 


INTRODUCTION 


The complexity and variability of fire development in an enclosure 
is a common observation in both controlled experimental fires and acci- 
dental fires in rooms and compartments. A unique feature of enclosure 
fire development, often observed, is a sharp increase in fire intensity 
called flashover, at which point all combustible surfaces apparently 
become involved in the burning process. On the other hand, there may be 
an initial flare-up of highly combustible fuels followed by a sharp 
decrease in fire intensity. Alternatively, the fire could smolder, 
go out by itself, oscillate, or develop as a steady state fire until 
the fuel is exhausted. Each of these fire developments presents 
different types of personal and structural hazards. The complete 
development of the enclosure fire depends on the complex interaction 
of the fuel load characteristics, the enclosure geometry, and the 
ventilation parameters. 

A considerable body of experimental data exists on different phases 
of general fire development such as flame spread rates (Refs. 1-10), 
wood and liquid combustion rates (Refs. 6, 11-14), and ventilation- 
controlled burning rates (Refs. 11, 15). However, a problem exists in 
applying these laboratory test data to the complex room fire situation. 
Small-scale tests do not appear to scale reliably, and full-scale proto- 
type fires have been required to investigate the above-mentioned com- 
plexities (Refs. 16-22). These tests become very expensive when the 
great variety of enclosures of interest Is considered, ranging from 
habitable rooms and compartments In homes, aircraft, ships, and transit 
vehicles to storage and cargo compartments in many shapes and sizes. 

This study addresses the question, "Is there a unifying concept or 
fire modeling approach which can tie together the extensive body of 
experimental data for direct application to such practical fire hazard 
situations in enclosures?" The result of this study is the definition of 
a set of five Relative Energy Release Criteria (RERC) which provides a 
means of predicting the probable course of fire development in any enclo- 
sure. These five criteria are five constraints on the rate and amount of 
energy released in an enclosure during a fire. It is intended that these 
criteria utilize existing fire data and modeling studies for each fire 
phase and combine them In a coherent manner in order to predict the 
bounds of overall fire development and associated dynamic, characteristics 
as a function of time from ignition to fuel exhaustion. Calculating the 
RERC prior to a fire and defining the fire development envelope (even 
approximate I v) for a given enclosure and fire load reveal, which phase of 
the fire development would he controlling during the major or critical 
portion of the fire. The fire development envelope, thus defined, would 
Indicate which phase yf fire development (e.g., spread or ventilation 
control) would need more accurate input information to predict the course 
of the fire or which fire control or suppression method would be most 
effective during the critical phase of the fire. 
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Pill) I I shed flic I OKU IV fire data (Kef. 21) indicate that two C i 
having similar heat release and temperature eliaraeter 1st ies could present 
entire •» different hazards depending on whether the lire development is 
luel or ventilation controlled. Furthermore, if people are present in 
the enclosure at the beginning of the fire, the crlLleal time scale, the 
desirable ventilation criteria, and the nature of the hazard due to smoke 
and heat would he quite different than for fire situations where struc- 
tural damage and f're containment would he the primary concern. 

Another area of application of the RKRC is in Lite evaluation of 
proposed fire test facilities and methods. For instance, if passenger 
seats are being burned in a test facility enclosure to evaluate maximum 
rates of seat burning and smoke release, one would have to ensure that 
the test fire is not ventilation controlled. This specific problem lias 
been recognized in studying the small-scale simulation of room fires 
(Refs. 24, 25), door areas of the small-scale enclosures were deliberately 
made large relative to the rest of the enclosure due to the nature of the 
sealing relat ionships for the ventilation factor AH 1 ' . 


In this report the RKRC are defined, the calculation method is 
presented, and the validity range is discussed. The RKRC may he readily 
calculated as outLined and used to put potential fire hazards in better 
perspective. Also, the RKRC may possibly be used to define the validity 
ranges of current testing and analysis methods. Kxamples of the applica- 
tion of RKRC to different enclosures are presented using existing pub- 
lished data. 


SUCTION I I 


RELATIVE ENERGY RELEASE CRITERIA 


it. Is common practice when publishing test results of ( i rt* progress 
In an enclosure to present air temperatures and fuel mass loss rates as a 
function of time (Reis. lb, 17, 2b, 27). In the modeling approach pre- 
sented here, however, energy release becomes the central parameter lor 
lire character I zat ion. The test time periods ol interest have varied 
widely. In several reports on the analytical and experimental modeling 
of gas temperatures versus time in enclosures (Refs. 1(8-10), the assump- 
tion was made that the fires would be well developed and ventilation 
controlled (with a constant rate of beat release), and that the 
periods of interest for assessing potential damage to primary structure 
were many minutes or hours long, by contrast, the prototype room fire 
tests conducted by Factory Mutual Research (Ref. 10), Bat telle (Ref. 18), 
and Georgia Institute of Technology (Ref. .51) were not ventilation con- 
trolled during the periods ol interest, and the tests were terminated 
after burning times of 8 to 30 minutes. The initial progress of these 
fires during the period of interest and the rate of fire buildup as 
indicated by room gas temperatures were markedly influenced by the igni- 
tion method and location as well as by the I ire load characteristics. 

The fact that widely differing ..ime scales may be of interest can be 
readily seen in aircraft cabin I ires. In a 1 ire fol lowing a survivable 
crash, the critical time period may be the first 2 to r > minutes, and 
toxic gas and smoke may be the critical hazards to the escaping passen- 
gers; in a similar aircraft during flight, a fire in a cargo bay or 
lavatory may require containment of heat and smoke over a period of many 
minutes until the fire can he extinguished or until the aircraft can 
make a safe landing. 

In considering the ..aove wide range of enclosure f i re hazards and 
time scales, one might ask it these situations have anything in common. 
Can any coherent fire development description fit all these cases? After 
review of the data from many fire test programs, it has been found to be 
possible to define a simplified mathematical model for each of the basic 
constraints operating on a fire after ignition, all based on the common 
frame of reference of energy release rate t) as a function of time t. 

It is I urt her anticipated that the correspond lug enclosure temper- 
atures, heat fluxes, smoke dens i t les, and toxic gas c< aceutrat Ions would 
also !n> directly related to the rates of energy release as a function o| 
time. finis, the energy release parameters would become uni lying factors 
for characterizing all aspects of the lire hazard and possibly the local 
point for improved lire testing and scaling method developments. 


A. DEFINITION OF THK CRITERIA 

The five energv release constraints on fire development in an 
enclosure are defined in terms of three constraints on the rate o| energv 
role. .so and two constraints on the total energv released. 
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(I) 


U. ;l _ ,n _ l \ S JV>V U * Fan*- Initially t In* rati* of energy re lea . e is 
controlled hv tin* rati* ot t in* spread or tin* Haim- spread 
Vi* lor ( t v , 

(J) J > } 1 7*J *1} '} Ana_ limit . A second constraint mi energy 

release rati* is reached when the flame has spread t < > involve 
the total I tie I surface, If not constrained hv available air, 
the fire would burn at a heat release rate proportional to 
the exposed fuel ana. As hurtling proceeds, changes in fuel 
area and other fuel characteristic's alter the heat release 
rate as the fuel supply diminishes. 

( Visit i InNon J . i in i t . A third constraint on energy release rati 
is eneountered when the combustion becomes ventilation con- 
trolled. While the fire is ventilation controlled, tin* rati* 
of energy release In the enclosure is independent o* the fuel 
surface 1 Lmi t. . 

(4) Fj\y J J * A constraint on total energy release in 

the enclosure is diu* to tlu* deplet ion of the In i t ial oxygen 
supply if ventilation is limited, as in a closed room or 
sea 1 ed compartment . 

(5) Fuel Load . The fifth constraint is the total fuel load. 

These five fire development constraints are called RKRC because 
numerical approximations of their values can be readily calculated, and 
they can be represented graphically as shown in Figure 2-1. Using the 
initial graphical representation of the RFRC, one can assess the poten- 
tial importance of each constraint and review the adequacy of the values 
calculated. The relative effect of changes in the fire constraints can 
be estimated. Questions can be answered, such as whether fact or-of-two 
changes in flame spread rate, fuel surface area, room volume, or ventila- 
tion openings would appreciably affect the fire development rate. 

Those working intimately with a particular type of fire hazard 
(e.g., dwellings) or with a particular phase of fire development (e.g., 
fire spread) may question the validity or value of such a general approx- 
imation; but tor specific applications, it is likely that the five cri- 
teria are in fact being applied (Refs. 23, 17, 28), either intuitively or 
specifically, although other physical quantities are also used. The most 
valuable application of this graphical representation mav he to new sit- 
uations (i.o., to make ordor-of-magn it tide estimates) and to fa» ilh.ito 
the application of available tire technology to now problem arias. 

B. CAhCl-hAT IN(i AND IM.OITINC 1 UK CRHKRIA 

Itio locations of the five constraint curves are independent oi 
each other, and their relative positions dot im which particular energy 
release constraint will N* controlling at a particular time r! H re 
development . Ihe simplified calculation of each criterion in e; 

heat release rate Q versus time t is outlined below. Hiree t vnes ot 



ENERGY RELEASE RATE Q, It * 


t 



BURN TIME t, min 


Ki-’iiiv 2-1. Rolativo Knurov Ruloasu Criteria lor Hnrlosurc 
!•' i ro Dove lopinont 


f 



fire parameters are used in the ea I eul at Ion : <i) I tie I ha rac t er I st i cs , 

(2) eneLosure geomeLry, and (3) vent Flat ion tact or:-:. I'lie * alrul.tl inn of 
temperatures, smoke densities, and Loxie gas com m i rat i on* is dismissed 
in Sts* c ion III. 

1. Flame Spread Kate 

If, after ignition, the ignited portion oi tin surface continues to 
burn with a fixed rate of fuel consumption per unit area 0/A and the flame 
front advances at a constant rate, the innv.ising he.u release rate in the 
enclosure would be 

Q h ■ (tj/ A) bv t 

where b is the fire front length and v is the flame spread velocity. 

This simple expression may become complex in a detailed analysis because 
the heat release rate Q/A, the flame front length b, md the spread 
velocity v may be complex functions of local geometry, environmental con- 
ditions, and time of burning. However, an initial estimate may he made 
using published experimental data on flame spread velocities over various 
fuels, including liquids (Uef. 32) and sol ids (Rets, a, 7, 33), and heat 
release rate data such as obtained for wood cribs (Kef. 34), liquid fuels 
(Kef. 34), and a variety of solid materials. One direct experimental, 
method used is the heat release rate calorimeter (Rets. f> , 12, 22), which 

o 

provides data on 0/A as a function of time and radiant I lux. 

A simple extension of the above equation for lie.it release rate* may 
be written to apply to a radial flame spread from an initial point igni- 
tion source. 

t], - ( O/A ) i V- L - ) 


If fh spread rate proves to he the critical tiff phase, a*- it 
mav in oeeu . cue I osures , then specific t nil-scale nt ;pr data may 

he required t< a* fine this criterion mots ac* ui at o ; v. 

For the cases of multiple ignition sounds ei aeqtuxiial ignition 
of different fuel surfaces, it mav In- possible t.* ‘-urn tin energ> release 
rates directlv from two separate f i r«*s in tin etn lo'-av it the assumption 
is made that the fires are both adequately vent it it * o t aid not enhancing 
or hindering each other. For detailed anal m ‘hi - . *>cunpt ion can he 
assessed after t he initial liaxard ana ! v: has ‘ .■» s : as. to detine the 

critical periods of interest. 

2, Fuel Seriate Area Limit 

When the fire has spread te involve ! hr fatal i o* 1 curtate, tin* 
fire would burn at a heat release rate 1 1 j pr ope t t i • 1 le tin* luel sur- 
face area Af if not constrain'd bv .ivaila It- aii. t lourest example 

of surface- I imi t rd heat release rates is # 1 * t 1 i cj<; i .! bdroearhon pools 
Ft > r which burning in t‘*rms of suit arc n gr, ..;i-n im'< i ■ nearly uni term 



over the surface and, therefore, directly proportional to the pool area. 
As an upper bound, the constant value of the regression rate ('>.4.5 mm/ 
min) is generally used for pools greater than 1-m diameter (Ref. 14). 

See Figure 2-2. For a pool of burning gasoline, the heat release rate 
may be expressed as 


O 



2500 kW/m 2 


For wood arranged in cribs, a maximum heat release rate per unit 
area of exposed wood has been measured experimentally to be about 


^ = 100 kW/m 0 
A f 


Experimental values of heat release rates for different woods and crib 
arrangements vary from 50 to 200 kW/m 2 (Refs. 11, 34, 35). 

Some limited data are available for solid materials such as timber 
(Ref. 35), particle board (Ref. 36), and plastics (Ref. 6), including 
data on heat release rate versus time and irradiation level. These data 
indicate that reasonable maximum values could be defined for most materi- 
als with a limited testing program. The heat release rate calorimeter 
(Refs. 6, 36, 37), with provision to also measure mass loss rate, may be 
a most useful test method for evaluating fuel-surface-limited burning 
rates. 


A special case of fuel-s"rface-limited burning arises for carpet 
burning, where a carpet is defined as any thin combustible bud of fuel. 

If flame spreads across a carpet at a rate v and the tota l heat of com- 
bustion per unit area of the carpet is Q/A, then a combustion wave 
(Ignition, combustion, extinction) can be visualized traveling across the 
carpet of width b such that the total heat release rate for rectilinear 
f ire spread would be 


Q 8 “ (Q/A)bv 


For radial spread from a point, the heat release rate during the lime of 
uniform spread would be 


o 


<)«. s 2n(()/A)v 2 L 






of 


Tht * Ht ' expressions art* not intended to deserfi,. , i, • 

=rr:t'^S,? 




Vt* nt i I at Ion l.lmit 


:: f 1 .r; r :: ; 

,!, : ; o.- 1, t"" r nr, ' i, ,™‘ i m '» ■"*■ 

h t iKiiri - I). I lit* expression lor wood burning rat.*, 


K 

AH 1 */" 2 


= 0 kg/m in nr^/2 


^ippoars to bo wo I I verified by both sots of data in figure '-3 (Kols II 

ltd la. *. hot K a» has boon oh tab I I shod oat. bo oaloulatod on tho 
\\ tl Z Li/ d I crences within tho onolosuro. A rolationsb.n tor o 
I* r * i (K r ?r a ‘ rf ° W raU ‘ m hldui ‘ l ‘ d hUo tlu> onolosMr 


s 1 s 


• *\ * VC 


C It 4 


m, )ir = ().I43 (, k j /2 A ||I/2 


,) kg/s 


I ho theoretical amount of energy roloasod by a given weight of -Hr 
during tho combustion of an organic fuel (i.o., C X H V ) varies onlv slight- 
y avor a range of fuels and combustion conditions. Thoorot icaf values 
o boa release per unit mass of air have been calculated for fuels with 

odl V s n wild?;7' arhl T ratU ’ ™* tn * ,r ° m 1 l ° * nnd ^ ->«>'>-Uon 
to ^ 7 T \ * carbon-monoxide-to-curbon-diox ide ratio ranging from 0 

45 and 48 3 kW ,? ™ lcxilut * d for conditions varies between 

and kw-min per kilogram of air burned. 


Based on a heat release for air of 48. ‘3 
burned, which can apply equally to wood and to 
release rate in the enclosure corresponding to 
rate lor standard conditions can be written as 


kW-min per k i logram of a i 
hydrocarbons, tin 4 beat 
this ventilation airflow 


i* 


% a 1580 All'/d kW 


Ihis beat release rate is nearly independent oi 
I lie burning fuel and the enclosure geomet ry and 
enclosure gas temperature it It is above H)0°0. 


the cliarac Le r i s I i es o I 
varies little with t he 
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The ventilation factor AK^/2 which defines the heat released in tlu* 
enclosure as well as the airflow rate into the enclosure also facili- 
tates calculation of quantities such as air velocities in the vent and 
air changes per minute. These latter quantities may be of interest In 
analyzing enclosures with forced ventilation in addition to natural 
ventilation. 

For the forced ventilation case in which the air mass flow rate is 
known 8 in kilograms per second, the ventilation limiting heat release 
rate Qv would be 


Q v ■ 2900 m a i r kW 


4. Enclosure Volume 

In a closed volume or sealed compartment, the total energy released 
by the fire is limited by combustion of the initially available oxygen 
supply. A buoyant air circulation pattern is established by the fire in 
the enclosure, and combustion continues until the air entrained in the 
flame zone becomes vitiated and depleted in oxygen concentration to a 
value below the lean combustion limit of the fuel. In experimental 
studies on sealed enclosure fires at Stanford Kesearcli Institute 
(Ref. 39), the oxygen concentration was found to change from an initial 
21% to a final value of 11 to 15%. The value varied somewhat with fuei. 

If all the oxygen in a given volume is consumed by the spreading 
flame, the total energy released per unit volume can be expressed approx- 
imateLy as 


% 

% 



kW-min 


(of air) 


based on an initial air density of 1.2 kg/m3 and a heat release per kilo- 
gram of air equal to 48.3 kW-min. 

A constraint curve for the enclosure volume criterion can be termed 
for the burning time t e versus a uniform energy release rate ("t bv tin 
following equation: 


te 


58V e 



where 58V t> is the maximum total energy which can be released by the 
Initial volume of air in the enclosure and where <)., is the average 
release rate. The hyperbolic curve thus plotted represents a burning, 
time constraint for a constant heat release rate il all the air i : . con- 
sumed. In practice, only about one-half of the oxygen in an unvent ed 
enclosure would be consumed; hence, the constraint becomes 


0 

The intersection of a flame spread limit curve of Qs with this 
enclosure burning time curve would give the approximate duration for a 
fire if it has a linearly increasing heat release rate ((J B versus t) 
in a sealed enclosure of volume V e . This result is because the area 
under the Q s curve up to the intersection with the enclosure curve is 
equal to one-half of the value of 58V e . 

Correspondingly for fires of constant energy release in a sealed 
enclosure, the burning duration is approximately one-half of the time 
defined by the equation above. For ventilated compartments, the relative 
locations on the RERC plot of the flame spread curve Q s , the enclosure 
volume cur^e Q e /2, and the ventilation factor curve § v indicates whether 
the fire intensity would be affected by the initial air supply prior to 
becoming ventilation limited. 

5. Fuel Load 

The fuel load in an enclosure includes the furniture, the stored 
items, and the combustible wall coverings as well as transient items 
carried in by a room's occupants. Some materials do not burn and con- 
tribute to the energy released until the fire intensity is quite high. 
Nevertheless, the total fuel load can be defined as the summation of the 
heats of combustion of ail the potential fuels in the enclosure. The 
course of fire development may be complex, but the limiting value of 
total heat released Q will be related to the fuel load F m AH by the 
expression 



Qdt = F m AH 


where t e is the fire duration, F m the fuel mass, and AH the effective low 
heat of combustion per unit mass of fuel. 

A constraint curve for the fuel load criterion can be formed for a 
fire duration t e versus a uniform energy release rate, Q a which is 
expressed by the following equation: 


t e “ WH/Qa 


where F m AH is the total energy release of the. fuel load. 


SECTION III 


FIRE CHARACTERIZATION 


Defining the* RERC for a specific enclosure description based on L he 
foregoing simplified quantitative relationships gives considerable insight 
into the probable course of fire development in terms of heat release rate 
versus time. However, the problem of predicting temperatures, smoke den- 
sities, and toxic gas concentrations remains; and in terms of material 
response and human hazards, these are the fire characteristics of most 
importance. 

The proposed approach to predicting these fire characteristics is 
to use the RERC to describe an idealized fire model for which limiting 
values of temperatures, smoke densities, and toxic gas concentrations can 
be calculated. This approach to fire characterization provides a frame- 
work and a set of coherent relationships for comparing daLa from different 
enclosure fires and different phases of development in the same fire. 

Also, it is often useful in the analysis of experimental data to form 
dimensionless parameters or ratios comparing experimental measurements 
with ideal or reference values of a variable. The following values of 
fire characteristics may prove usefuL in the formation of such dimension- 
less parameters. 


A. TEMPERATURE 

For the enclosure fire, one ideal temperature which may he defined 
is a "mixed mean adiabatic air temperature" T m . This is the volume- 
average gas temperature which would occur in the enclosure if all the heat 
released is absorbed by the initial volume of enclosure air at constant 
pressure (neglecting the fuel heat capacity and heat Losses to the 
surroundings). This temperature rise may be calculated as 


A l. ni = 



Vv;r 


o 

where is the heat release rate in the enclosure prior to the induction 
of ventilation airflow, c and , are the specific heat and air density, 
and is the enclosure air volume. It is apparent, ot course, that 

actual air temperatures in the enclosure are also a function of strut it i - 
cation, he.it losses to the surroundings, and induced air dilution. 

However, in the initial stages of a tire, most ot the heat is used to 
heat the air, and initial heat losses from the enclosure are small. rims, 
one could gain some insight into the Initial rati' of air temperatut rise 
and the effect ot enclosure volume (o.g., test scale) on air tempoi.iture 
increase. The formulation of a temperature stratification function 
(describing vertical temperature variation) and a heat transport function 
(describing initial beat loss to walls) when combined witii tin* *.T m values 
could yield a belter upp rox i mn t i on of the temperature distribution in an 


occupied enclosure sucli as an alreraf' cabin during the time period prior 
to people evacuation* 

Application o! the AT m also provides an evaluation ot ! i re seal inn 
effects in geometrically similar enclosure fire tests. The iollowing 
example will demonstrate these sea Ling effects. 

Consider three geometrically similar enclosure fires with length 
scale ratios of 1.0, 2.0, and 3.0 (Figure 1-1). The fuel bed is postu- 
lated as a rectangular slab on the floor of the enclosure with a linear 
flame spread velocity v of 0.2 m/min and constant value ol heat release 
flux Q/A of 395 kW/m-. These are material properties and are independent 
of scale in this model. 

If each fuel bed is ignited along one edge, the Lime to reach the 
opposite edge t s would be linearly related to the enclosure scale. In 
this example, the fire would burn across the fuel bed in Knc Insure l 
in 5 minutes, 11 in 10 minutes, and 111 in 15 minutes. The same Lime 
scale relationship would be true if the fire is started in one corner or 
at a point in the center of the fuel bed. The value of the mixed mean 
adiabatic temperature rise AT m may be calculated for the spreading lire 
in the three enclosures as 


AT 


Ml “ 





(Q/A)bvt i 
' 2ep Ve ■" 


(for edge ignition) 


The temperature-versus-Lime-scaie relationships for the ‘’uses ot 
radial flame spread (e.g., point ignition) and for a constant heat release 
rate (e.g., pan ot gasoline) have also been calculated using the heat 
release rates defined in the previous see Lion. In each case, the time 
to reach a spec.lt ic temperature is linearly relate a to the enclosure scale 
witli air temperatures rising faster in small enc'osures. The average 
air temperature T„, in the enclosure reached at a „iven phase ol mv 
development (such as L s > would he the same. These initial tempeiatuu 
calculations mav not he applicable to or valid tor temperature values 
much above 300°' or •'»(>() ’C because ot heat losses and ventilation el loots, 
hut. these lower temperatures are in the range ot concern lor human 
to lo ranee to heat. 

Published data and analysis methods art' available tor determining 
temperatures in enclosures during fully developed, vent 1 lat ion-cont i o| led 
burning (Reis. 2K, 30, 1A). These temperatures usually vary between 

900° and I200°C and are primarily a function of the ventilation la. tor 
A||l/2 f ,s well as time and wall materials. It is anticipated that the 
temperature distribution In an enclosure as a function ol t imt can t>< 
bounded and character 1 ".ed by an appropriate combination ot the calculated 
vr values (Figure t l) and the calculated vent 1 lat lon-eont rol led tempera- 
ture values as available from existing analysis methods. This aspect ol 





fire characterization requires further investigation, 
relationship between a suitably modified T m value and 
phenomenon. m 


as dues tin* possible 
tlie f lashovci 


H. SMOKE AND TOXIC (iASKS 


. . „ quailtit y of smoky and toxic gas released during burn! nr. mas !>«• 

treated in a manner similar to the above analysis for temperatures. Ihe 
quantities of smoke and toxic gases released per unit mass oi im 1 art- 
subject to a wide range of variability. However, they tend to be uniquely 
related to each phase of fire development. For examp 1 , during initial 
fire spread, the fuel tends to be cold and there is excess ventilation, 
which would yield specific gas and smoke evolution characteristics. 

During a period of ventilation-controlled burning, the fuel would be 
heated by feedback from the hot trapped gases and there would be a short- 
age of air. The volatile product and smoke yiuLd for this situation mav 
possibly be directly related to the ratio between the potential heat 
release rate Q f as defined by the fuel surface area and the veni-cont ro I led 
heat release rate defined by the induced air supply Q f /Q both o! which 
can be calculated regardless o:“ which constraint is controlling. 


Ihe fraction smoke yield (designated as I’) of several fuel materials, 
in terms of solid and condensibLe liquid products, has been measured 

(Kefs. 40, 41) and falls in the range of LO to 30% of the mass of l ue I 
consumed. 


As defined by Sender and Clilen (Ref. 40), the mass optical density 
MOD may be a useful experimental correlating parameter which would be 
trectly related to the mass rate of burning during a particular phase 
of burning. it is defined by the relation 


MOD 


¥f 

m 


¥ e 

mb 


° 8 io ( T ) 


where D s is the smoke-specific optical density determined in a National 
bureau of Standards smoke chamber, m is the fuel mass loss, I, is the I ighl 
beam length (or visual path), and I () /l is the reciprocal of light 
transmittance (e.g., for 23% light, transmitted, the value of I, /I would 
be 4.0). ° 


The tuel mass loss in this case is the same mass loss measured in 
a tuel combustion experiment to measure heat release. Therefore, the 
initial rate of smoke generation can bo related directly to tin- rate o! 
heat release »» s i f both are proportional to the rate of mass loss 3 dating 
burning. That Is, the total mass of smoko is related to the burning rate 
and heat re lease rate bv 


smoke mass / o , fQdt 
- - i md , , 
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if the mans of smoke released in 
prior to dilution by induced air 
of MOD is available for the fuel 
transmission in the enclosure as 
! rom the above relationships as 


the enclosure is uniformly distributed 
and if an applicable experimental value 
of in teres L , then the average light 
a function of time can be calculated 
f o 1 lows : 


I I . 

log = MO!) I melt 

1 A) 


Although this idealised value does not exist in general, the effects of 
varying heat release rate, enclosure volume, path length, and smoke 
fraction can be assessed. The application ot an appropriate stratification 
factor wouLd yield more realistic estimates ot smoke distribution as a 
function of time during the initial fire spread phase along with the 
estimate of air temperature rise. 

The value of toxic gas concentration could be treated in a similar 
manner during the initial fire spread phase. If the combustion or 
pyrolysis of a given mass of fuel yields a known weight of toxic product 
(such as CO or HCl), its average concentration is proportional to the 
total mass of fuel consumed Jmdt and inversely proportional to the 
enclosure volume V e . Again, it is anticipated that during ventilation- 
controlled burning the ratio of the ventilation factor to the fuel area 
can uniquely control the toxic gas yield, composition, and distribution. 

The complex relationships and feedback functions which would exist 
in an enclosure among fuel composition, flame spread rates, air tempera- 
tures, time, and the heat release functions are the subject of continuing 
study. However, it is believed that these idealized fire characterization 
relationships can provide a coherent unifying framework for integrating 
experimental data from a variety of material tests and prototype enclosure 
fires. 


SECTION IV 


HAZARD ANALYSIS AND FIRE CONTROL 


Xrn/rrLir: «• *• «-»■*. c , „„„„„„ 


, ln J t w . . 4. , V- IIM4IU UH 

tinu L lu* liaza rds to f *1 1 u. ..«/i * * — ••xmMun 

HciiHlilvv and easily damaged tlian^strucLar^ • \'l Kc * nural » human « a ^e more 

Ih* uvacuated from the fire vlcinitv in ,° S ' t,wovur » P ew Pi« aan usually 
necessarily beln« under contnVl " S "° rt tlme *" d Wlthout th * fire 


as ext ingu i sliment ! ^ilVnt "“"I” t,Ui anclo '‘"« « well 

altering the enclosure Ie«U« "n D,,?? 1 ” C ° ntr ° Jlln « «"d 
to exclude air :ma r.„ ’ , r C 8d * n access to the fire 


adjacent areas. 


*• ■—* 


arc. r is V' « h . 

<•«■“»* the appiieable tilt J" l0U " In flM C “ ntrol 

ysis approach does not add anvthinu „ * ** In one sense, this anal- 

since it relies on el 1 J ? 1 t0 existin8 f^e technology 

niques to provide answers However^thi^ met f od !V and fi re control tech- 
unifying framework for d it . „ r ’ • 1 anaJysis approach provides a 
different ^ntim Hn I 2“°? “" d "•««« the 

apply data from a variety of sour, •os'’ to I>’otl°"f’ m*"* U T°" sll>) ° to 
tions as well as to makeup re 1 iminirv InziH /‘ im ^ a ” d new firu hitu a- 
need for more speelfle daL and JSC"” 


I wo examples of the application nf h<»« ppiwi 
cussed to demonstrate their application t - 1 . i n af< i P re8ented an d dis- 
cal situations. PI • 1 t( existing data and to hypotheti- 


A. 


EXPERIMENTAL KIRKS IN ENCLOSURES (EXAMPLE 1) 


Iwo we H -documented studies of experimental fire* in „„ , 
presented by Tewarson (Factory Mutual R snH L enclosures are 

Data are included for three f.Jil. . 1 ' ln Reft ‘ rent ' os 12 and 23. 

These Investigations „,rt ^ ™der m ”T J> „ « h >'' 0k ' 0,l< ’ 1 • ™« P-raffta oil. 
toxic products under various condition's wi tl/the'ult l^f ’T •° f ' 1nd 

establishing appropriate scaling parameter for btlldi^dT,' “ ” f 
enclosure fires. r building ^nd laboratory 


veaUlatZX^ nnd 

TJX .r n ■'Ua^.rValT.r 

release rate () using „ hem of combust’ ini, iol'’ of^il^kw mf‘) k '' S 'ri" 

v '" ,u ' — n>r — through ^r- 


HEAT RELEASE RATE Q. kW 


Figure 4 



1. Enclosure Fire Wood Burning Rate-Time Profile From Factors 
Mutual Research Experiments (Ref. 23) Compared With Calcu- 
lated Values i>f Relative Energy Release Criteria 




accurate of the criteria shown because tin* details of the wood orih 
(.out i^ur;tt inn woro not ^ivon. 


Examination of tho graphical RKRC presontaL Ion in Figure 4-1 reveals 
several lire character 1st l.*s which are verified hv the background data 
in- 1 tided in the Factory Mutual paper. Light is also shed on one possible 
mechanism ot l ire periodicity. The most notable character 1st !o ol t he 
erih burn rate curve shown is tl.al it initially exceeds the ventilation 
ini t iritorin 0 V . However, tliis result is oon.s istont with tin* numier in 
which tlu* orib was Innltod with aoot ono-soakod cotton balls plaroil at the 
bottom oi the crib. The KKRC plot indicates that the crib was not com- 
pletely aflame when the ventilation constraint was reached, because the 
crib was ignited from the bottom, the heat released hv tlu- lower .rib 
material heated and pyrolyzed the upper crib material', releasing unburnod 
volatiles. riius, the excess heat release indicated by the experimental 
weight- I oss rate curve represents combustible gases evolved which would 
exit the enclosure unburned and probably burn outside wlu-re additional 
air is available. This is consistent with the discussion and gas com- 
position data in Tewarson's report and with the large value oi' the ratio 
Qf/Qv* Examination .if data tor the other conditions of lire load and 
ventilation reveals several cases for which the total fire load F in is 
insufficient to establish ventilation-controlled burning even though the 
fuel surface area may have been adequate. 


A possible explanation ol the eye lie character ist ic in Figure 4— | 
is the gradual reduction in flame and air temperatures due to the buildup 
of a fuel-rich condition in the enclosure with an excess volatile gas out 
flow. The consequent reduction in induced air and hence reduction in 
heat release rate, along with the net reduction in material available for 
volatilization, would cause a decrease in both mass loss rate and fire 
intensity. As the volatile gas outflow decreases, an increase in induced 
air and higher consequent flame temperatures can cause an increase in 
burning rate again and another burn cycle. Tlu* value of t he Q burn rate 
curve remaining above the (\. criteria curve would indicate continuing 
excess volatilization. For other I lit. - i loads, dl Herein crib configura- 
tions, and difierent points ol ignition, one might expect different burn- 
ing rate-versus-L l me profiles. 


The Factory Mutual data als.i confirm the 
enclosure temperatures would result as the ra 
of 1.0 (Kef. 30). 


expect it ion that maximum 
0,/<) v approach.."! a value 


Tin* location of the enclosure volume constraint (),, in Figure 4-1 
indicates such a small initial volume of air available in the enclosure 
that the apparent excess heat release rate cannot hi* atti Hutted to its 
combust ion. 


h. HYPOTHETICAL ROOM I’lRF (EXAMPLE 2) 

The enclosure described in Figure 4-2 represents several possible 
enclosures and variations thereof. it might be visualized as a living 
room, an aircrnlt cabin, a transit vehicle, or a storage compartment • 
The sketch has been simplified, hut several i.hle.l complexities te.g.. 




more seats or spilled gasoline) may l>e evaluated dlreeily using tin* IM.IU. 
as ea Leu lated ami plotted In Figure 4- i. 

For the purpose ot l Must rat ing several l Ire development phenomena, 
somewhat arbitrary values of the lire parameters and material propel ties 
have been postulated. The burning eharaet er 1st ies ol the seat have been 
simulated for a 21-kg woo. I erlb (Kel • Vi). Thus, tin* fo I 1 ow I up, parameter 
have been defined for this example* 


Kn e Insure I 9 ir* ime t e r s 

Room dimensions * 4.0 x 2,1 x 1 m 

Hue Insure volume V e - 2 7. b m* 


Tola! energy released 

4f „ kW-inin 

Air e * 0.01 / : 


* ‘)8V t , 35 1 hOO kW-min 
I .2 kg/m } 


Fuel j^aranietyrs 
(1) Carpet 

Dimensions = *4.0 x 2.1m 
Area A^ ■* 9.2 

Fuel mass per surtaeo area F n) /A|* - 1. > kg/m*- 
Flame spread rate v « 0.12 m/min 
Heat release rate 0j A » 100 kW/m^ 

Fuel mass F m ? t l.'O (9. 2) -- IT. 8 kg 
Heat of romi>ust ion AH * 270 kW-mfn/kg 
Fuel load AHF m = 172b kW-min 
(2) Seat ^equivalent wood erib. Ref. 27) 

Fuel mass F m - 21 kg 

Maximum burning rate R ~ 1 kg/m in 

Maximum Ik*. it release rate C T 'HR - 0)f2'/U) S10 kU 

Fuel Load pel seat HF t; , ,h/0 kVHnin 


( J) ( »ii so 1 i lie Poo 1 


o 

I’on I burning. (J 


2 SOU kW/ni- 


Fiu* l load AHL'uj 


)M> kW -min 



HEAr RELEASE rate Q, kW 



TIME f, min 


Figure 4-3. 


Relative Energy Re leas 
for Hypothetical Room 
Fuels anJ Ventilation 


e Criteria Graphical Presentation 
1 ire (Example 2) Witli Alternate 
Options 
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Ventilation Factors AH*/ 2 


(1) Door 

Dimensions = 2.0 x 1.0 m 

AH i/2 = (2) (1) (2 1 / 2 ) = 2. 83 m^/2, q v * 4471 kW 

(2) Window 

Dimensions = 1.0 x 1.0 m 
AH 172 = 1.0 m5/2, q y = 1580 kW 

(3) Small vent 

Dimensions * 0.2 x 0.5 m 
AH 1/2 = 0.044 m5/2, q y = 69.5 kW 

The RERC for this example have been plotted using log-log coordi- 
nates to allow consideration of a wider range of parameter values. 

If the fire is ignited at a point in the center of tile carpet and 
spreads radially, the initial spread-limited heat release rate is 


Os = (0/A)irv 2 t2 
or 

Q g = (100) (n ) (0. 1 2) 2 1 2 = 4. 52t 2 kW 


Since the fuel mass per unit area of tilt* carpet is limited to 
1.5 kg/m^, the maximum total heat release per unit area (}/ A would be 
limited to 405 kW-min/m2~. As the flame continues to spread, it becomes 
limited by the expression 


Q s ~ 2ir(Q/A)vn “ 3b. 6t 


These two limits and their int ersoet ion are sli >wn in Figure 4-3. 

The. intersection of the two heat release rate limits occurs at tf.l minutt 

The value of the mixed mean adiabatic temperature rise ‘ T» ; <uu !>e 
calculated as described previously. it mav be more useful to calculate 
the Lime at which AT m would exceed some specified value, such as 
which would be bast'd on the 4 temperature list 4 ecptal ion for flame radial 
spread over the carpet alone. 


. SSMtelSi „ r 3. 2)l 3 


or the time to reach 300°C 

t = ('SriV^ 3 “ 4.54 min 

*■300 \ 3. 21 / 


The relative effect of changes in heat release rate, flame spread velo- 
city, or enclosure volume may be estimated from the above expression. 

The enclosure volume criterion curve is plotted from the 
expression 


Q = “~ t — kW 


On the log-log coordinates, this curve is a line through Q = 1600 kW at 
t = 1.0 min with a negative slope of 1.0. In a similar manner, the tuel 
load curves may be added to the graph as shown. The fuel load curves lor 
the carpet alone, for one scat, and for the carpet plus two seats have 
been plotted. The fuel surface-limited heat release rate curves lor the 
seat (wood crib) and for a gasoline pool have been plotted as unit values 
on the left side of the figure; the values can be summed as appropriate. 

The . ent iiation Limit curves ior the door, window, and vni. have 
been plotted on the right-hand side of the figure based on the exptessioi 
for vent i. I at ion-control 1 cd heat release rate 

(V = 11 80 All 1/2 kW 


The five KKRC plotted in the manner presented in figure 4-3 may now b. 
used to evaluate several fire scenarios and tire- control options, a I; uw 
lu-r of preliminary observations are outlined below. These arc based on 
greativ simplified assumptions as noted. Complexities and soph 1st t. at t o 
may he added as the critical lire phase is identified and as avniln' . 
data warrant. 

(1) For the carpet alone burning, room ventilation would not 

affect the fire spread and heat release for the lirst I min- 
utes because of the adequate Initial air stipplv. ti,. r. lei, , 
opening the door to gain access or escape would net altei ! *i 
tire intensity. Closing off all ventilation would u ; alt.i 
tne tire progress until after the tirst /' minute:'. 

U) For the carpet and one seat fully involved with v.ntMati n 
provided only bv the open window, the maximum 'uc.,t i« .- a . 


rate would remain fuel surface controlled; hence, heat release 
would not be altered by further increase in ventilation, if 
the seat becomes fully involved within 1 minute alter ignition, 
it would burn for about 7 minutes or less at the maximum heat 
release rate. 

(3) For burning gasoline spread over a 1 m 2 area the lire becomes 
ventilation controlled by window-only ventilation. 11 the 
door is also opened, fire intensity in the enclosure would 
increase; with the door closed and the window open, vaporized 
unburned gasoline would exit the window resulting in flames 
outside the enclosure. 

(4) The fire due to any combination of fuels which is ventilated 
only by a small opening (AH 1 / 2 = 0.044) would develop until 
it encountered the enclosure volume constraint, and then it 
would reduce in intensity to the heat release rate determined 
by the ventilation limit ($ v = 69.5 kW) . However, excess 
volatiles would probably cause either fire oscillation or 
flaming outside the enclosure. The duration of the fire 
would be approximated by the intersection of the vent limit 
curve with the appropriate fuel load curves. For the carpet 
plus two seats, the burning time could extend over 3 hours. 

Various heat-release-rate time profiles could he approximated by 
summing individual heat-release-rate profiles if the sequences of igni- 
tion and flame spread rates could be approximated. Using the criteria in 
1-Lgure 4-3 and a postulated heat release profile for a single seat (.such 
as could be measured in a laboratory test), a number of fire scenarios 
may be examined. Figure 4-4 presents one potential fire development; 
profile based on the following postulates: 
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l'.xamiuat ion ot the composite tire dove I opmcnt profile in I i ,,nre * 
indicates liiat witii the window open the fire would alwavs ;><• • , | 
controlled. The initial flasn tire due to the 1 liter ot /.e ■ ; in 
last less than I minute and would not be vent i lat io. limited . . 






gasoline fuel load (Q = 566 kW-min) is much less than half the enclosure 
volume limit (Q = 1600 kW-min) . The calculated mixed mean adiabatic air 
temperature rise AT m would be approximately 1000°C within a few seconds 
due to the gasoline. This is consistent with an almost explosive effect 
in the room if 1 liter of gasoline is spilled on the carpet and ignited. 
After the first minute, the fire would reduce to burning at a relatively 
low heat release rate until the seats Ignite. if the air temperature is 
being monitored in an actual fire of this type, one would expect an ini- 
tial air temperature surge followed by a marked reduction due to heat 
losses and a subsequent steady rise in air temperature with continued 
carpet and seat burning. This type of fire response has been reported 
for several test fire situations (Refs. 17, 18, 34). 


SECTION V 


CONCLUSIONS 


V. CONCLUSIONS 


This report presents an enclosure fire modeling approach basea on 
the graphic presentation of five relative energy release criteria 1KI.KC, 
which individually constrain the rate and the t (1 talamount 0 fenergy 
released during the course of an enclosure fire. Ihis f rc analy. 
approach does not replace or supersede existing fire analyses 
provides a coherent unifying framework or common base for relating an 
integrating available data and analyses for different fire phases. 


In this analytical approach, simplified definitions are presented 
for fire characterization parameters and their interrelationships which 
control the t ire development and the consequent gas temperatures, smoke 
densities, and toxic gas concentrations. 


The effects of heat transport phenomena, fluid flow patterns, 
k.K Interact ton»* and f^baak affect. have -at bean 
detail. Thcac Ole, as have b.-on invest, bated by others 1 ‘> c s *:*_ ' 
lire situations, and in some cases their results may he used direct y 

in the present modeling approach. 


r**a 


Ihis modeling approach is adaptable to computer programming; the 
complexities may be included when warranted and feasible. 


The tvpes of lire test data and material properties which may he 
ol ; . lU1Hl value in predicting fire development are suggested. A at 


re I r i K 


rat e 


.alorl, utter with the capability ol also measuring mass 


loss rate, toxic gases, and smoke production iron, materials and 

, . , i v i ,, * irreculir s'.ciet ry could be used to provide data t ol 
components having 1 1 i « guiai ...» > (ir loads, 

application to a widi variety „l complex enclosures and tin 


I it i 


ana 1st Lai agio..,,,, an he dire. tl. us. d in its P'‘^ “J ’ ,,M " 
..... v , I ip | n, ot assumptions made m ' orient ’ull-s.al, h.,i 

SJ an,.,,:,,, , 

V„.l r„. -',,1.1 .... ■ > 

sr. .... ...;J ,-o.;.n.e ™'' o ■ '-.id ,. ... 

eomn’.ete analysis using, this mod. Imp. appiou.h. 
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NOMENCLATURE 

* Ventilation opening area, m 2 

* Fuel surface area, m* 

= Flame front length, m 

= Specific heat at constant pressure, kW-mln/kg-°C 
= Smoke specific density 
= Fuel mass, kg 

= Gravitational constant, 9.8 m/s 2 
= Vertical dimension of ventilation opening, m 
• Heat of combustion, kW-min/kg 
- Radiant intensity ratio 

= proportionality factors in consistent units 
= Optical path length, m 
= Fuel mass loss, kg 
■ Mass flow of air, kg/s 
= Total heat released, kW/min 

= Total heat released by complete combustion of air in 
enclosure, kW-min 

= Total heat released by complete combustion of unit area of 
fuel carpet; a material property, kW-min/m^ 

= Heat release rate, kW 

* Average rate of heat release, kW 

= Fuel surface-controlled heat release rate, kW 

- Heat release rate during flame spreading, kW 

= Ventilation-controlled heat release rate, kW 

= Heat release rate per unit area; a material property, 
kW/m 2 
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* Fuel burning rate, kg/min 
- Temperature, °C 

* Mixed mean adiabatic temperature rise, °C 
= Burning time, min 

= Fire duration, min 

" Time for fire to spread to total fuel surface, min 
“ Enclosure volume, m^ 

= Flame spread velocity, m/min 
= Fraction of fuel evolved as smoke 
■ Air density, kg/m3 
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